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axis’s pivotal role in controlling cell cycle
oscillation through APC/C regulation.
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SUMMARY

Cell cycle control relies on a delicate balance of phosphorylation with CDK1 and phosphatases like PP1 and
PP2A-B55. Yet, identifying the primary substrate responsible for cell cycle oscillations remains a challenge.
We uncover the pivotal role of phospho-regulation in the anaphase-promoting complex/cyclosome (APC/C),
particularly through the Apc1-loop®°° domain (Apc1-300L), orchestrated by CDK1 and PP2A-B55. Premature
activation of PP2A-B55 during mitosis, induced by Greatwall kinase depletion, leads to Apc1-300L dephos-
phorylation, stalling APC/C activity and delaying Cyclin B degradation. This effect can be counteracted using
the B55-specific inhibitor pEnsa or by removing Apc1-300L. We also show Cdc20’s dynamic APC/C interac-
tion across cell cycle stages, but dephosphorylation of Apc1-300L specifically inhibits further Cdc20 recruit-
ment. Our study underscores APC/C’s central role in cell cycle oscillation, identifying it as a primary substrate

regulated by the CDK-PP2A partnership.

INTRODUCTION

The cell cycle, an essential process for life, orchestrates the ac-
curate duplication and segregation of DNA into daughter cells.
This complex mechanism not only ensures genetic continuity
through meiosis and mitosis but also regulates cellular growth,
proliferation, and differentiation, responding to environmental
signals to maintain genomic stability. At the core of this regula-
tion are cyclin-dependent kinases (CDKs), phosphatases such
as PP1 and PP2A-B55, and the anaphase-promoting complex/
cyclosome (APC/C).'® CDK1, a primary kinase in the cell cycle,
is crucial for initiating mitosis.>*'° Concurrently, in recent de-
cades, phosphatase activities, such as PP1 and PP2A-B55,
have emerged as important players in cell cycle progres-
sion.”"'* Among them, PP2A-B55 has been highlighted as a
key counterbalance to CDK1. The delicate equilibrium between
CDK1 and PP2A-B55 activities is critical for proper cell cycle
progression. For instance, elevated PP2A-B55 activity can
inhibit mitotic entry, while its removal leads to premature mitotic
initiation in Xenopus egg extracts.'' Despite our understanding
of the roles of CDK1 and PP2A-B55, the primary substrates
dictating cell cycle oscillation and their regulatory molecular
mechanisms are still elusive, posing a significant challenge in
the field.

The APC/C, an unusually large E3 ubiquitin ligase, governs the
cell cycle through ubiquitin-mediated proteolysis and is acti-
vated by either Cdc20 or Cdh1 as its co-activator.* ® This com-
plex regulates the degradation of specific proteins at defined
stages, ensuring orderly mitotic progression. One of its primary

roles involves the degradation of securin and Cyclin B, which
are essential for sister chromatid separation and mitotic exit.
Post-translational modifications, especially phosphorylation,
play a central role in APC/C regulation. We and others have
shown the key role of CDK1 in activating the APC/C, particularly
in initiating the degradation of Cyclin B. This action of CDK1, in
turn, contributes to its own inactivation, ensuring cell cycle oscil-
lation. This is achieved by CDK1’s phosphorylation of specific
intrinsically disordered regions in Apc3 and Apc1, specifically
the Apc3-loop and Apc1-loop®® (hereafter called Apc1-300L),
following a sequential phosphorylation relay mechanism.'>"”
Apc1-300L, encompassing roughly 100 evolutionarily conserved
amino acids (294-399 in Xenopus), not only sterically hinders
Cdc20’s association with APC/C but also acts as a phosphory-
lation-sensitive activation switch. This highlights its pivotal
role in counteracting Apc1-300L autoinhibition and facilitating
Cdc20’s association with the mitotic APC/C.">~'” Notably, while
phosphorylation is crucial for controlling Cdc20 recruitment,
Apc1-300L dephosphorylation dynamics are poorly studied.
Adding complexity to this regulation is the negative phospho-
regulation of APC/C co-activators such as Cdc20, hindering
APC/C association.'®'® Phosphatases responsible for Cdc20
have been reported in some contexts,'®° but clearly much re-
mains to be uncovered.

In this study, we explore the dephosphorylation mechanism of
Apc1-300L, investigating its role in Cdc20 recruitment and
APC/C activation. We identify critical residues for its phosphor-
ylation-sensitive switch function and examine phosphorylation
dynamics and its effects on Cdc20 interaction. Our insights
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into CDK-PP2A-mediated Apc1-300L phospho-regulation un-
derscore its crucial role in cell cycle oscillation and genetic integ-
rity maintenance.

RESULTS

Phosphorylation modulates Apc1-300L interactions
within APC/C

While we have a grasp on the roles of CDK1 and PP2A-B55, the
key substrates driving cell cycle oscillations remain elusive (Fig-
ure 1A). Our initial goal was to comprehensively understand
the phosphorylation dynamics of Apc1-300L and its impact onin-
teractions within the APC/C. Using cross-linking mass spectrom-
etry (CLMS), we examined the interaction patterns of Apc1-300L
in unphosphorylated versus hyper-phosphorylated APC/C_wild
type (WT) complexes. We found that hyper-phosphorylation
reduces cross-links between Apc1-300L and key residues at
co-activator binding sites on Apc8 and Apc6 (Figure 1B). This
observation aligns with previous studies that link phosphoryla-
tion-mediated displacement of Apc1-300L to enhanced Cdc20
recruitment.’>™'” Importantly, Cdc20 requires dephosphoryla-
tion for effective APC/C-Cdc20 complex assembly,’®'® while
APC/C activation itself is dependent on phosphorylation.

Identification of the phosphatase regulating Apc1-300L
dephosphorylation

We sought to uncover the mechanisms that regulate Apc1-300L
de/phosphorylation throughout the cell cycle. Utilizing a pulse-
chase assay, we tracked 32P removal from Apc1-300L and
Cdc20 in cytostatic factor (CSF)-mediated meiosis metaphase
ll-arrested Xenopus egg extracts (CSF extracts) (Figures 1C
and 1D). While Cdc20-T79 quickly dephosphorylated, indicating
its importance for APC/C binding affinity,’® Apc1-300L’s
dephosphorylation was minimal. Inhibition of Cdc20-T79
dephosphorylation by okadaic acid'® (Figures 1C and 1D) sug-
gests a dormant state for Apc1-300L’s phosphatase during
mitosis. In contrast, PP2A and similar phosphatases actively de-
phosphorylate Cdc20, facilitating the formation of the APC/C-
Cdc20 complex.

The primary candidate phosphatase responsible for this activ-
ity is PP2A-B55, which is known to oppose CDK functions. To
investigate this mechanism, we depleted Greatwall (Gwl) kinase,
which inhibits PP2A-B55 via Ensa/Arpp19 phosphorylation,*~>°
from CSF extracts and induced early PP2A-B55 activation. After
Gwl depletion, rapid dephosphorylation of Apc1-300L occurred,
yet the introduction of thio-phosphorylated Ensa (pEnsa), a
PP2A-B55 inhibitor, ceased this process (Figures 1E and 1F).
The dephosphorylation kinetics of Apc1-300L were notably
fast, with a half-life of approximately 1.5 min (Figure 1G). These
results confirm PP2A-B55’s crucial role in Apc1-300L dephos-
phorylation, regulated by the Gwl-Ensa/Arpp19 pathway.

Previously, we demonstrated that the Apc1-300L-7A variant,
in which all seven serine residues at the CDK phosphorylation
consensus site (Figure 2A) are replaced by alanine, exhibits
high affinity for the APC/C complex.'® To identify the residues
critical for Apc1-300L’s association with APC/C, we conducted
a binding assay using variants of Apc1-300L-6A, each preser-
ving a single phosphorylatable serine (Figure S1A), followed by
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APC/C pull-down analysis. Phosphorylation at S358 or S380
significantly impaired Apc1-300L’s interaction with APC/C, while
modifications at S314 or S344 modestly reduced binding
(Figures S1B and S1C). To monitor these phosphorylation events
on endogenous APC/C in Xenopus egg extracts, we developed
phospho-specific antibodies targeting S314/S318, S358, and
T378/S380. The phosphorylation of these sites was abolished
upon premature activation of PP2A-B55, and their dephosphor-
ylation was inhibited by pEnsa or okadaic acid (Figure 2B), sug-
gesting that PP2A-B55 dephosphorylates Apc1-300L.

Next, we investigated Apc1-300L dephosphorylation during
mitotic exit. Introducing the CDK1 inhibitor p27 to anaphase ex-
tracts led to a sharp decline in Apc1-300L phosphorylation,
as evidenced by %2P removal (Figures S2A and S2B). This
decrease was impeded by NIPP1 and pEnsa, inhibitors of PP1
and PP2A-B55, respectively, but remained unaffected by the
PP2A-B56 inhibitor (B56i). Given the roles of PP1 and PP2A-
B55 in counteracting CDK activity during mitotic exit'""'**” and
PP1’s potential to activate PP2A-B55 through the Gwl-Ensa/
Arpp19 pathway,’* 24?41 we examined PP1’s contribution to
Apc1-300L dephosphorylation (Figure 2C). Consistent with the
observations in Figure S2A, the PP1 inhibitor (NIPP1) inhibited
Apc1-300L dephosphorylation, but adding pEnsa did not
enhance this effect. To isolate PP1’s effect, given that NIPP1 af-
fects PP2A-B55 via Gwl, we removed Gwl kinase. Eliminating
Gwil kinase negated NIPP1’s impact, while pEnsa persistently
blocked dephosphorylation, underscoring PP2A-B55, not PP1,
as the primary phosphatase for Apc1-300L during mitotic exit.
This aligns with previous findings that PP2A-B55 targets human
APC1 S355, analogous to Xenopus Apc1 S358, for dephosphor-
ylation during mitotic exit.>*

Finally, by using purified proteins, we demonstrated that re-
combinant PP2A-B55 directly dephosphorylates Apc1-300L,
highlighting its specific role in targeting this dephosphorylation.
Importantly, the presence of pEnsa inhibited this activity (Fig-
ure 2D), reinforcing PP2A-B55’s direct involvement in Apc1-
300L dephosphorylation.

Activation of PP2A-B55 in mitosis inactivates APC/C
through Apc1-300L
We propose that Apc1-300L, influenced by CDK and PP2A-
B55’s phospho-regulation, plays a critical role in mitotic control,
acting as a central hub for signal integration to ensure orderly
mitotic progression. To investigate this hypothesis, we explored
the premature activation of PP2A-B55 on APC/C activity in CSF-
mediated meiosis metaphase ll-arrested extracts. Notably,
APC/C-Cdc20 complex activation in these extracts is initially in-
hibited by XErp1/Emi2,*> whose inactivation triggers anaphase
onset.**** We found that Cyclin B degradation, a marker of
APC/C activation, occurs within 20 min after XErp1 depletion
(Figure 3A, lanes 5-8). However, premature PP2A-B55 activa-
tion, by Gwl depletion (GwlA), blocked Cyclin B degradation
(lanes 13-16), underscoring PP2A-B55’s role in suppressing
APC/C. Adding pEnsa to GwIA extracts restored Cyclin B degra-
dation (lanes 21-24), confirming PP2A-B55’s inhibitory effect on
APC/C activation.

To further investigate, we monitored the degradation of °S-
labelled Cyclin B and NIMA (Never in mitosis gene A)-related
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Figure 1. Apc1-300L dephosphorylation in PP2A-B55-activated Xenopus egg extracts

(A) Schematic depicting the mutual regulation between CDK and PP2A-B55. Downstream targets remain underexplored.

(B) Circular plots (xiVIEW) show intra- and inter-protein cross-links in rAPC/C complexes, comparing unphosphorylated (top) to hyper-phosphorylated states
(bottom). Gray lines represent all Apc subunit cross-links; Apc1-300L cross-links are highlighted in red.

(C) Phosphatase assay of Cdc20 (T79) and Apc1-300L in mitosis. After phosphorylation with CDK-Cyclin A and [y-32P]-ATP, substrates were added to CSF
extracts with DMSO or 2 pM okadaic acid. Samples were analyzed by SDS-PAGE and autoradiography.

(D) Quantification of (C), normalizing 52P levels to initial intensities, with 0 min set to 1.0. Data represent the average of three experiments + SEM.

(E) Phosphatase assay of Cdc20 (T79) and Apc1-300L in PP2A-B55-activated extracts. CSF extracts underwent immunodepletion using either beads (MockA) or
Gwl antibody-bound beads (GwlA) at 23°C, and then either buffer or 5 uM pEnsa was added. Analysis was performed as in (C).

(F) Quantification of (E), with data from three (Cdc20) or four (Apc1-300L) experiments + SEM and initial intensities set to 1.0.

(G) Short-interval Apc1-300L dephosphorylation by PP2A-B55, following the procedure in (E) and quantified as in (F).

kinase 2A (Nek2A) in anaphase extracts via a destruction assay
(Figures 3B and 3C). As observed in CSF extracts, activating
PP2A-B55 significantly reduced both substrates’ degradation,

an effect reversed by pEnsa, suggesting PP2A-B55’s APC/C
inactivation role. We then examined PP2A-B55’s impact on
APC/C via Apc1-300L using a recombinant APC/C (rAPC/C)
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Figure 2. Apc1-300L dephosphorylation by PP2A-B55, not PP1, in Xenopus egg extracts
(A) Multiple alignment of Apc1-300L sequences from various species (Hs, Homo sapiens; Pt, Pan troglodytes; Mm, Mus musculus; X|, Xenopus laevis; Xt, Xenopus
tropicalis), with the CDK phosphorylation site highlighted in yellow and orange. Conserved amino acids are marked with asterisks, while similar ones are denoted

by colons and dots.

(B) Investigation of endogenous Apc1-300L phosphorylation status in PP2A-B55 activated CSF extracts. Beads (MockA) or Gwl antibody-bound beads (GwlA)
were mixed with CSF extracts at 23°C for 20 min. Before recovering the immunodepleted extracts, either buffer, 5 uM pEnsa or 2 uM okadaic acid was introduced.
Samples taken at the indicated time points were analyzed by SDS-PAGE and immunoblotting.

(C) Comparison of Apc1-300L dephosphorylation by PP2A-B55 against PP1, using methods from (B) with added NIPP1 (12 uM) and pEnsa (5 uM) and then p27 to

induce mitotic exit.

(D) In vitro phosphatase assay using phosphorylated Apc1-300L and purified PP2A-B55. Post CDK-Cyclin A phosphorylation, Apc1-300L was incubated with
mock or PP2A-B55, with/without 10 pM pEnsa, and analyzed by SDS-PAGE and immunoblotting.

mutant without Apc1-300L (Apc1-300LA) and WT rAPC/C in
anaphase extracts (Figures 3D and S3A-S3C). While WT rAPC/
C showed expected activity, PP2A-B55 activation significantly
lowered it, mirroring endogenous APC/C behavior (Figure 3C).
Notably, removing the Apc1-300L “autoinhibitory loop” made
rAPC/C (Apc1-300LA) largely immune to PP2A-B55’s inhibitory
effects (Figure 3D), highlighting the role of Apc1-300L in PP2A-
B55 mediated APC/C suppression.

To investigate the changes in Cdc20’s association dynamics
and APC/C activity following PP2A-B55 activation, we per-

4 Cell Reports 43, 114155, May 28, 2024

formed an in vitro ubiquitylation and Cdc20 binding assay
(Figure 3E). We detected an immediate increase in Cdc20 asso-
ciated with APC/C after PP2A-B55 activation in CSF extracts,
peaking within 15 min before decreasing (Figure 3E, center and
bottom panels). This transient increase likely results from
PP2A-B55 selectively targeting phospho-threonine residues on
Cdc20 over phospho-serine sites on Apc1-300L,°>°%%¢ as
supported by experiments conducted at earlier time points
after Gwl depletion (Figure S3D). While the mechanisms
behind the subsequent decline in APC/C-bound Cdc20 remain
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Figure 3. PP2A-B55 activation during mitosis deactivates APC/C via Apc1-300L

(A) Cyclin B degradation was evaluated following premature PP2A-B55 activation or with 5 uM pEnsa (see Figure 2B for details). Samples post immunodepletion
using XErp1 antibody-bound (XErp1A) or unbound (MockA) beads were analyzed by SDS-PAGE and immunoblotting.

(B) Premature PP2A-B55 activation affects APC/C substrate degradation. 3°S-labeled Nek2A, Cyclin B, and Cyclin BA67 (stable control) tested in mock- or Gwl-
depleted extracts with or without 5 uM pEnsa were analyzed by SDS-PAGE and autoradiography at the indicated times.

(C) Quantitative analysis of (B), with data means (+SEM) from three experiments. Intensities at 0 min were set to 1.0.

(D) rAPC/C destruction assay showing Apc1-300L’s involvement in PP2A-B55-mediated APC/C deactivation. Top: experimental schematic. 3°S-labeled sub-
strate quantification is shown (data from three experiments + SEM). Refer to Figures S3A and S3B.

(E) In vitro ubiquitylation assay in the PP2A-B55-activated context. APC/C activity and Cdc20 levels were quantified post immunoprecipitation (procedure in
Figure 2B), relative to CSF intensity, averaged over three trials (+SEM). See also Figure S3E.

elusive, our ubiquitylation assay shows a direct link between
APC/C-Cdc20 complex activity and its Cdc20 content (Figure 3E,
top chart; Figure S3E), implying that PP2A-B55 activation
dampens APC/C activity.

Mechanism of PP2A-B55-mediated inactivation of APC/C

How does the dephosphorylation of Apc1-300L by PP2A-B55 in-
fluence APC/C activity? Building on findings that dephosphory-
lated Apc1-300L binds more strongly to APC/C,'® as further evi-
denced in Figure S1, we explored its potential to displace Cdc20.

Using a Cdc20 dissociation assay, we examined the dissociation
behavior of Cdc20 from both WT and loop-deleted rAPC/C
variants upon PP2A-B55 activation (Figures S4A-S4C).
The assay employed Cdc20-5A, a CDK-insensitive mutant
known for its robust binding affinity’® and detectability via a
FLAG tag, which was mixed with purified rAPC/C in extracts
devoid of endogenous APC/C and Cdc20. The resultant rAPC/
C-Cdc20 complex was then introduced into PP2A-B55-acti-
vated extracts lacking APC/C. Our observations of FLAG-
Cdc20-5A’s dissociation from both APC/C variants over time
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Figure 4. Impact of Apc1-300L dephosphorylation on APC/C-Cdc20 interaction

(A) Schematic of the dissociation assay.

PP2A-B55 not inhibitted

‘inactive’

(B) Analysis of Cdc20 dissociation from APC/C in Xenopus egg extracts. FLAG-Cdc20-5A was introduced into Cdc20-depleted extracts with MG132, and the
APC/C-Cdc20 complex’s dissociation was tested under various conditions (mock or Gwl depletion). Samples were analyzed via SDS-PAGE and immunoblotting.
(C) Dynamic reassociation of endogenous Cdc20 with APC/C in Xenopus egg extracts, following the approach in (B).

(D) Assays for de novo Cdc20 loading. Activation of PP2A-B55 lessens Cdc20’s APC/C binding. After mock and GwI depletion, extracts were supplemented with
FLAG-Cdc20-5A and Apc3-bound Dynabeads, and the retrieved APC/C-Cdc20 complex was examined using SDS-PAGE and immunoblotting.

6 Cell Reports 43, 114155, May 28, 2024

(legend continued on next page)



Cell Reports

demonstrate that Apc1-300L does not promote Cdc20 dissoci-
ation in response to PP2A-B55 activation.

To confirm our findings, we repeated the dissociation assay
with endogenous APC/C both in the presence and absence of
PP2A-B55 activation (Figures 4A and 4B). Mirroring results
from rAPC/C experiments, FLAG-Cdc20-5A dissociated from
endogenous APC/C under all conditions, including interphase,
regardless of PP2A-B55 activation, with controls (buffer)
showing no separation. Dissociation also occurred for both
353-labeled Cdc20-5A without the FLAG tag and FLAG-tagged
Cdh1-4A (Figures S4D and S4E), indicating that dissociation is
not influenced by the FLAG tag and is consistent across both
Cdc20 and Cdh1. The reassociation of endogenous Cdc20
with APC/C after FLAG-Cdc20-5A dissociation (Figure 4C, bot-
tom) underscores the dynamic interplay between Cdc20 and
APC/C in Xenopus egg extracts, reinforcing that Apc1-300L
dephosphorylation does not facilitate Cdc20’s dissociation
from APC/C.

Our final experiment evaluated whether Apc1-300L dephos-
phorylation by PP2A-B55 acts as a “closing gate” preventing
Cdc20 reassociation with the APC/C. We introduced FLAG-
Cdc20-5A into PP2A-B55-activated CSF extracts at staggered
time points, each for a duration of 10 min, and subsequently
measured the co-purification with APC/C (Figure 4D). We
observed a progressive decline in FLAG-Cdc20-5A association
with APC/C concurrent with PP2A-B55 activation, suggesting
that PP2A-B55 impairs Cdc20’s binding to APC/C. Remarkably,
adding pEnsa reversed this effect in PP2A-B55-activated ex-
tracts (Figure S4F), highlighting PP2A-B55’s significant impact
on Cdc20’s binding efficiency. Additionally, using an rAPC/C
variant devoid of Apc1-300L showed that Cdc20’s association
remained constant, unaffected by PP2A-B55 (Figure S4G),
emphasizing Apc1-300L’s key role as a gatekeeper. These
results bolster our model, where PP2A-B55 regulates APC/C ac-
tivity by controlling the “gate-closing” function of Apc1-300L,
governing the binding of Cdc20. The re-phosphorylation of
Apc1-300L “reopens” the gate, allowing Cdc20 to reassociate
with the APC/C (Figure 4E).

DISCUSSION

This study elucidates the mechanism by which PP2A-B55 inacti-
vates APC/C, advancing our understanding of the orchestration of
mitotic entry and exit through the regulation of APC/C by an inter-
play between CDK1 and PP2A-B55. PP1 and PP2A-B55, serving
as the primary phosphatases counteracting CDK1, play essential
roles in dephosphorylating numerous proteins during mitotic exit.
This ensures the timely separation of sister chromatids and facil-
itates a seamless transition out of mitosis. Our comprehensive
analysis identifies Apc1-300L as a pivotal substrate for both
CDK1 and PP2A-B55 (Figure 4E). Notably, Apc1-300L is exclu-
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sively dephosphorylated by PP2A-B55, not PP1, highlighting
CDK1’s role in inactivating PP2A-B55 via the Gwl (known as
MASTL, Microtubule-associated serine/threonine kinase like, in
humans) cascade during mitosis. The premature activation of
PP2A-B55 could potentially compromise mitotic progression by
inhibiting APC/C through the “Apc1-300L gate,” affecting the dy-
namic interaction with Cdc20. Our CLMS findings compellingly
demonstrate that phosphorylation significantly diminishes Apc1-
300L’s interaction with Apc8 and Apc6 (Figure 1B), underscoring
a “gate” mechanism critical for APC/C activation. Governed by
the CDK1-PP2A-B55 dynamic, this mechanism is crucial for pre-
cise cell cycle control, emphasizing the CDK1-PP2A-B55-APC/C
axis’s essential role in cell cycle regulation.

The intricate interplay between CDK1 and PP2A-B55 is funda-
mental to APC/C regulation. Their mutual inhibition showcases
the precision with which cells manage phosphorylation events.
Furthermore, the CDK-Gwl-Ensa/Arpp19 regulatory pathway
serves as a protective mechanism, ensuring that PP2A-B55’s
phosphatase activity remains in check during essential mitotic
phases (Figure 4E). Looking beyond Apc1-300L, key cell cycle
transition components, such as Wee1, Cdc25, lamins, conden-
sins, and microtubule-associated proteins, appear to be gov-
erned by the same regulatory framework. While their interactions
with CDK and PP2A-B55 are recognized, their phosphorylation/
dephosphorylation dynamics and substrate targets remain
largely unexplored. Our study illuminates the pivotal role of
Apci1 phosphorylation/dephosphorylation as a key switch in
mitosis, modulated by the CDK1 and PP2A-B55 interplay. It em-
phasizes its critical function in cell cycle oscillation and intro-
duces Apc1-300L as an element contributing to our understand-
ing of cell cycle regulation, as contextualized in Figure 1A. The
regulatory pattern identified for Apc1-300L may also extend to
these proteins, suggesting a unified mechanism for mitotic entry,
progression, and exit. In a clinical context, our findings offer po-
tential opportunities in oncology. Targeting Gwl or its human
analog, MASTL kinase, has emerged as a promising therapeutic
approach.'* Through this inhibition, PP2A-B55 activity could be
amplified, leading to cell cycle arrest and subsequent apoptosis.

In this study, while much attention is given to PP2A-B55’s cen-
tral role in APC/C inactivation, other phosphatases may subtly
yet significantly influence both mitotic progression and APC/C
activity control. An intriguing area of interest, though not the
focus of our current study, is the phosphatases responsible for
Cdc20 dephosphorylation, which remain remarkably active
even during mitosis (Figures 1D and 1F). To bind to the APC/C,
Cdc20 needs to be dephosphorylated.'®'® Although the spe-
cifics of Cdc20 dephosphorylation remain elusive, it is known
that okadaic acid-sensitive phosphatases play a significant
role'® (Figure 1D). Apart from the reported roles of PP17%?'
and PP2A,'9?22% other phosphatases, such as PP4, PP5, or
PP6, might also contribute to Cdc20 dephosphorylation during

(E) Model overview: CDK1-PP2A-B55 interplay and its role in cell cycle oscillation through Apc1 -loop3%°, During interphase, inactive CDK1 allows PP2A-B55 to
dephosphorylate Apc1-300L, preventing Cdc20 binding. Entering mitosis, activated CDK1 phosphorylates Apc1-300L and subsequently displaces of Apc1-
300L, enabling the APC/C-Cdc20 complex formation and Cyclin B destruction. CDK1 also inhibits PP2A-B55 through the Gwl-Ensa/Arpp19 pathway, preserving
this active state. Cdc20’s interaction with the APC/C is dynamic. If PP2A-B55 activates prematurely (e.g., GwIA scenario), then it disrupts Cdc20’s association,
even if CDK is active. This effect can be counteracted by pEnsa (as indicated by GwlA+pEnsa), pinpointing PP2A-B55 as the principal regulator of Apc1-300L and
Cdc20 dynamics. The APC/C functions as a pivotal substrate, with its activities fine-tuned by CDK and PP2A-B55, ensuring cell cycle oscillation.
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mitosis. Furthermore, the involvement of PP1 in dephosphorylat-
ing Gwl and enhancing PP2A-B55 auto-activation has been re-
ported.®**" Additionally, recent findings suggest that, once
Cdc20 is associated with the APC/C, it becomes resistant to
CDK1-mediated phosphorylation.®” Despite these advances,
unraveling the complex interplay of kinases and phosphatases
during the cell cycle is essential for a comprehensive under-
standing of mitotic regulation.

A recent study by Mizrak and Morgan proposed that the inter-
actions of Cdc20 and Cdh1 with APC/C in budding yeast
lysates are influenced by polyanions.*® Our experiments in
Xenopus egg extracts seem to align with this proposal. We found
that the dissociation of Cdc20 and Cdh1 from APC/C is a dy-
namic process. Interestingly, this dissociation remains unaf-
fected by cell cycle stages but appears to be influenced by spe-
cific components within the extracts, akin to the role of
polyanions observed in yeast. However, phospho-regulation
seems to be the primary driver of APC/C-Cdc20 dynamics.
This regulation is likely achieved through the differential kinetics
of PP2A-B55 with phospho-threonine compared to phospho-
serine residues.”®*>3% This mechanism is particularly crucial
during cell cycle stage transitions, such as the metaphase/
anaphase transition, when CDK kinase activity starts to decline
and opposing phosphatases begin to activate. In line with the
previously established mathematical model,*® we detected the
highest APC/C-Cdc20 complex formation under conditions
that experimentally mimic this transition (Figure 3E). We specu-
late that, at this stage, more dephosphorylated Cdc20 becomes
available in the cytoplasmic pool, even though the Apc1-300L
“gate” is on the verge of closing. As time progresses, both
Cdc20 and Apc1-300L become fully dephosphorylated, leading
to the closure of the gate and preventing further Cdc20 loading.
This transition marks the switch from Cdc20 to Cdh1, another
co-activator in the G1 phase, which then takes over the binding
and activation of APC/C throughout the G1 phase.

In conclusion, our research has spotlighted Apc1-300L as a
key substrate for CDK1 and PP2A-B55, orchestrating the rhyth-
mic progression of the cell cycle. Through our detailed molecular
analysis of Apc1-300L, we provide a foundational perspective,
setting the stage for future studies in mitotic regulation.

Limitations of the study

While we have identified Apc1-300L as a key regulatory point,
the APC/C complex features many other phosphorylation sites
whose regulatory mechanisms await further exploration. Addi-
tionally, the delayed dephosphorylation of APC/C observed
even with PP1 and PP2A-B55 inhibitors suggests a complex reg-
ulatory network involving other phosphatases, a topic that war-
rants deeper investigation. Conducted using cell-free Xenopus
egg extracts, our research sets the stage for future in vivo studies
to fully elucidate the intricate mechanisms governing APC/C ac-
tivity, thereby enhancing our understanding of cell cycle regula-
tion and its broader biological implications.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Apc1 (pS314/pS318) Lab stock #25312 via BioGenes

Rabbit polyclonal anti-Apc1 (pS358) This paper #27644 via BioGenes

Rabbit polyclonal anti-Apc1 (pT378/pS380) This paper #25316 via BioGenes

Rabbit polyclonal anti-Apc1 Lab stock #4853 via BioGenes

Rabbit polyclonal anti-Apc2 Lab stock #7576 and #7577 via BioGenes

Mouse monoclonal anti-Cdc27/Apc3
Mouse monoclonal anti-Apc3 (AF3.1)
Rabbit polyclonal anti-Apc5

Rabbit polyclonal anti-Apc6

Rabbit polyclonal anti-Gwl

Rabbit polyclonal anti-XErp1

Mouse monoclonal anti-FLAG (M2)
Mouse monoclonal anti-Cyclin B (X121)
Mouse monoclonal anti-Cdc20 (BA8.1)
Mouse monoclonal anti-6xHis

Mouse monoclonal anti-phosphorylated PIx1
(AZ44)

Goat anti-mouse immunoglobulins, HRP-
conjugated

Swine anti-rabbit immunoglobulins, HRP-
conjugated

IRDye 680RD goat anti-mouse immunoglobulins
IRDye 800CW goat anti-rabbit immunoglobulins

BD Biosciences
Gift from J. Gannon
Lab stock

Lab stock

Lab stock

Lab stock
Sigma-Aldrich

Gift from J. Gannon
Gift from J. Gannon
Clontech

Gift from J. Gannon

Dako

Dako

LI-COR Biosciences
LI-COR Biosciences

610455; RRID:AB_397828
N/A

#3445 via BioGenes
#3447 via BioGenes
#7387 via BioGenes
#8344 via BioGenes
F1804; RRID:AB_262044
N/A

N/A

Cat#631212; RRID:AB_2721905
N/A

Cat#P0447; RRID:AB_2617137

Cat#P0217; RRID:AB_2728719

Cat#926-68070; RRID:AB_2651128
Cat#926-32211; RRID:AB_2651127

Bacterial and virus strains

Escherichia coli DH5a. Lab stock N/A

Escherichia coli BL21-CodonPlus (DE3)-RIL Agilent Cat#230245
Multibac baculovirus/insect cell system Zhang Z. et al.*® and Fujimitsu K. et al.'® N/A

Chemicals, peptides, and recombinant proteins

ATP Sigma-Aldrich Cat#10519979001
ATPyS Calbiochem Cat#119120
[y-P32]ATP, 6000 Ci/mmol, 10 mCi/mL Hartmann Analytic SRP-501
[S35]Met-label, 1000 Ci/mmol, 10 mCi/mL Hartmann Analytic SCIS-103
Cycloheximide Sigma-Aldrich Cat#C7698

Okadaic acid Sigma-Aldrich Cat#04511

MG132 proteasome inhibitor Calbiochem Cat#474790
Desthiobiotin Sigma-Aldrich Cat#D1411
Lysozyme Sigma-Aldrich Cat#L6876
Benzonase MILLIPORE Cat#70746
Methylated ubiquitin Sigma-Aldrich Cat#662065
3FLAG-Ub-Cyclin B-N70-KA (Ub-K0-Cyclin B) Fujimitsu K. and Yamano H.*’ N/A

GST-Cyclin BA167 Gift from J. Gannon pPGEX Hs cyclin BA167
CDK2-Cyclin A complex Gift from J. Gannon N/A
GST-PreScission protease Lab stock N/A

10His-ENSA Lab stock Plasmid stock #1523

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
10His-NIPP1 (amino acids 143-224) This paper N/A
MBP-4LxxIxE-6His This paper N/A
MBP-4AxxAxA-6His This paper N/A
3FLAG-Apc1-300L-6His (WT and mutants) This paper N/A
Recombinant APC/C complexes (WT and mutant) This paper N/A
PP2A-B55 complex This paper N/A

Critical commercial assays

USER Cloning kit New England Biolabs Cat#M5505
TNT T7 Quick Coupled Transcription/Translation Promega Cat#L1170
System

Quick CIP New England Biolabs Cat#M0525
Pierce ECL Western Blotting Substrate Thermo Fisher Scientific Cat#32106
Deposited data

Crosslinking identification PRIDE PXD050097
Experimental models: Cell lines

Spodoptera frugiperda (Sf9) insect cells Gibco B82501
Trichoplusia ni (High Five) insect cells Invitrogen B85502
Experimental models: Organisms/strains

Xenopus laevis females NASCO N/A
Oligonucleotides

Oligonucleotide PCR primers (sequences available Integrated DNA Technologies N/A

on request)
Recombinant DNA

gBlock DNA (4LxxIxE motifs) This study; Integrated DNA Technologies N/A

gBlock DNA (4AxxAxA motifs) This study; Integrated DNA Technologies N/A
PET-3FLAG-Apc1-300L-6His (WT) Lab stock®® N/A
PET-3FLAG-Apc1-300L-6His (7T) Lab stock® N/A
pPET-3FLAG-Apc1-300L-6His (7A) Lab stock Plasmid stock #2195
pET-3FLAG-Apc1-300L-6His (S314-6A) This paper Plasmid stock #1913
pET-3FLAG-Apc1-300L-6His (S318-6A) This paper Plasmid stock #1914
pET-3FLAG-Apc1-300L-6His (S335-6A) This paper Plasmid stock #1915
pPET-3FLAG-Apc1-300L-6His (S344-6A) This paper Plasmid stock #1916
pET-3FLAG-Apc1-300L-6His (S358-6A) This paper Plasmid stock #1917
pET-3FLAG-Apc1-300L-6His (S380-6A) This paper Plasmid stock #1918
pET-3FLAG-Apc1-300L-6His (S389-6A) This paper Plasmid stock #1919
PET16b-4LxxIXE-6His This paper Plasmid stock #2506
pPET16b-4AxxAxA-6His This paper Plasmid stock #2507
pMal-Cdc20-N159-4A (T79)-6His Lab stock Plasmid stock #1552
pHY22-3FLAG-Cdc20-5A This paper Plasmid stock #1908
pHY22-Cdc20-5A Lab stock Plasmid stock #1017
pHY22-3FLAG-Cdh1-4A This study Plasmid stock #1910
pHY22-Cdc13 (Cyclin B) Lab stock Plasmid stock #372
pHY22-Cdc13A67 (Cyclin BAB7) Lab stock Plasmid stock #373
pHY22-NEK2A (Nek2A) Lab stock Plasmid stock #647
pFUBB-Apc2/Apc11-Apc1/Apc10 (WT and Lab stock N/A

mutant)

pPFUBB-Apc3/Apc8/Apc7-Apc5/Apcd/Apc6- Lab stock N/A

Strepll

pUUBB-Apc13-Apc12/Apc15/Apc16 Lab stock N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
pFUBB-PP2A-CB-His-B553 This paper N/A
pUUBB-GST-PP2A-Ax. Lab stock, Fujimitsu K.and Yamano H.?* N/A

Software and algorithms

ImageJ

Image Studio Lite
Adobe lllustrator
SnapGene
ClustalW

National Institutes of Health
LI-COR

Adobe

SnapGene

GenomeNet, Kyoto University

RRID:SCR_003070
RRID:SCR_013715
RRID:SCR_010279
RRID:SCR_015052
RRID:SCR_017277

Bioinformatics Center

Xi software (version 1.7.6.4) Juri Rappsilber Lab*? https://www.rappsilberlab.org/

software/
Other
Dynabeads Protein A Invitrogen Cat#10001D
Pierce Protein A/G Magnetic Beads Thermo Fisher Scientific Cat#88803
HisPur Ni-NTA Magnetic Beads Thermo Fisher Scientific Cat#88831
Ni-NTA Agarose Qiagen Cat#30210
Anti-FLAG M2 Affinity Gel Sigma-Aldrich Cat#A2220
Glutathione Sepharose 4B Cytiva Cat#17075601
Strep-Tactin SuperFlow Plus Qiagen Cat#30004

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hiroyuki
Yamano (h.yamano@ucl.ac.uk).

Materials availability
All unique reagents generated in this study are available from the lead contact upon request.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request. The CLMS data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier ProteomeXchange: PXD050097
and PRoteomics IDEntifications (PRIDE) Database: PXD050097.
® This paper does not report original code.
@ Any additional information required to analyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Xenopus laevis

The experimental model utilizes extracts prepared from eggs obtained through the superovulation of adult female Xenopus laevis
(NASCO). This procedure has received approval from the University College London (UCL) Animal Welfare and Ethical Review
Body (AWERB), ensuring compliance with all pertinent regulatory standards and guidelines established by the Home Office. Named
Animal Care and Welfare Officers (NACWOs) alongside UCL Biological Services Unit staff are responsible for the animals’ daily care,
welfare, and husbandry. Additionally, Named Veterinary Surgeons (NVSs) oversee the health, welfare, and medical treatment of the
animals, ensuring our research adheres to the highest ethical and care standards.

METHOD DETAILS
Preparation of Xenopus egg extracts
Cytostatic factor-arrested Xenopus laevis egg extract, also known as CSF extract, was prepared as the previously described

method.”*** To prepare interphase extract, 10 ug/mL cycloheximide and 0.4 mM CaCl, were supplemented to CSF extract at
23°C, and the extract was incubated for 1.5 h for the progression from meiotic metaphase Il to interphase. Anaphase extract was
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prepared by incubating interphase extract at 23°C for 60 min in the presence of nondegradable GST-fused human Cyclin B lacking
the N-terminal 167 amino acids (Cyclin BA167). Cdc20-depleted extracts were obtained following the previously described immu-
nodepletion method,** but APC/C-depleted extracts were prepared by sequential depletion of Apc2 and Apc3 using their respective
antibody-conjugated Dynabeads Protein A (Invitrogen). For Gwl or XErp1 depletion, only one round of depletion was performed using
their respective antibody-bound Pierce Protein A/G magnetic beads (Thermo Fisher Scientific).

Antibodies

Antibodies used in immunodepletion are as follows: Apc2 (RbAb 7576), Apc3 (MAb AF3.1), Gwl (RbAb 7387), Cdc20 (RbAb B60),
and XErp1 (RbAb 8344). For immunoblotting, antibodies and their dilution ratio are as follows: Apc1 (RbAb 4853; 1:100), Apc2
(RbAb 7577; 1:1000), Apc3/Cdc27 (BD Transduction Laboratories; 1:200), Apc5 (RbAb 3445; 1:500), Apc6 (RbAb 3447; 1:500),
Gwl (RbAb 7387; 1:400), FLAG M2 (Sigma; 1:1000), Cyclin B (MAb X121; 1:2), XErp1 (RbAb 8344; 1:50), Cdc20 (MAb BAS8.1;
1:50), 6xHis (Clontech; 1:500), pPIx1 (MAb AZ44; 1:1000), goat anti-mouse immunoglobulins HRP-conjugated (Dako; 1:5000), swine
anti-rabbit immunoglobulins HRP-conjugated (Dako; 1:5000), IRDye 680RD goat anti-mouse immunoglobulins (LI-COR Biosciences;
1:1000), and IRDye 800CW goat anti-rabbit immunoglobulins (LI-COR Biosciences; 1:5000). Apc1 phospho-specific antibodies:
pS314/pS318 (RbAb 25312; 1:200), pS358 (RbAb 27644; 1:100), pT378/pS380 (RbAb 25316; 1:400) were raised in rabbits
against LPH (the horseshoe crab Limulus polyphemus hemocyanin) conjugated phosphopeptides CVSKGEpSPTApSPFQN,
CLSRSHpSPALGV and CFSSNpTPpSPKR, respectively (BioGenes, Germany). Antibodies were affinity purified using a phospho-
peptide column prepared with SulfoLink Kit (Pierce). After elution with ImmunoPure Gentle Ag/Ab Elution Buffer (Pierce), antibodies
were dialyzed against TBS and non-phosphospecific antibody was affinity depleted by passing through a column cross-linked with
non-phosphopeptides CVSKGESPTASPFQN, CLSRSHSPALGV and CFSSNTPSPKR. The eluted phospho-specific antibodies were
then enriched by dialysis against TBS containing 50% glycerol.

Plasmid/bacmid construction and mutagenesis

Cloning of the Apc1-300L fragment (amino acids 294-399 of Xenopus Apc1), its 7A and 7T derivatives tagged with 3FLAGs and 6His
have been reported previously.'® To generate a series of plasmids containing Apc1-300L with single site for CDK phosphorylation,
PCR-based site-directed mutagenesis was performed for single serine substitution on the 7A derivative plasmid. Plasmid for expres-
sion and purification of 10His-tagged NIPP1 fragment (amino acids 143-224) was a gift from Dr. Bollen.*® The gBlock gene fragment
containing four LxxIXE motifs*® (LPRSSTLPTIHEEEELSLC) ordered from Integrated DNA Technologies was cloned into the pET16b
vector to generate the MBP-4LxxIXE-6His construct for the expression and purification of PP2A-B56 inhibitor (B56i). Full length
Cdc20-5A and the MBP-Cdc20-N159-4A (hereafter Cdc20-T79) constructs have been reported previously.'® Cdc20-5A was further
subcloned into a pHY22 plasmid containing 3FLAGs to generate the FLAG-Cdc20-5A construct. Bacmid construction for the recon-
stitution of wild type and Apc1-300LA APC/C complexes have been reported previously.'>?? For the reconstitution of PP2A-B55 ho-
loenzyme complex, three PP2A subunit genes (Aa, B558 and Cp) were amplified by PCR and cloned into pPOENmyc vector with polH
promoter and SV40 terminator for Cf, and p10 promoter and HSVtk terminator for Ae. and B559, respectively. PreScission protease-
cleavable GST-tag and His-tag was fused to Ao and B559, respectively, at the N terminus. These genes were further cloned into
MultiBac vectors creating one pF1 vector-derivative pFUBB carrying Cp at MUM1 site and His-B553 at MUM2 site. A pU1 vector-
derivative pUUBB carrying Aa. at MUM2 site was also created. After sequence confirmation, the baculovirus was generated.

Recombinant proteins

All His-fused recombinant proteins were expressed in BL21-CodonPlus (DE3) bacteria at 18°C for 16-18 h in the presence of 0.1 mM
IPTG. Bacterial cells were lysed by 2 mg/mL lysozyme and sonicated in IMAC-5 buffer (20 mM Tris-HCL pH 8, 500 mM NaCl, 5 mM
imidazole) supplemented with 5 mM EGTA, 1 mM PMSF, 10 ug/mL leupeptin, 10 pg/mL pepstatin A and 10 ug/mL chymostatin, and
0.5% NP-40. Proteins were purified from clarified lysate on Ni-NTA agarose beads (Qiagen), eluted with elution buffer (20 mM Tris-
HCI pH 8, 150 mM NacCl, 0.4 M imidazole), and dialyzed with dialysis buffer (50 mM HEPES pH 7.9, 125 mM NaCl, 10% glycerol).
Expression of the FLAG-Cdc20-5A was carried out using the TNT Quick Coupled Transcription/Translation System (Promega).
Thio-phosphorylation of Ensa was carried out by incubating purified Ensa in kinase buffer (20 mM Tris-HCI pH 7.5, 20 mM KCI,
60 mM NaCl, 1 mM EGTA, 40 mM B-glycerophosphate, 10 mM MgCl,, 2 mM DTT, 4 mM MnCl,, and 60 nM okadaic acid) containing
immunoprecipitated Gwl from CSF extract and 1 mM ATPyS at 23°C. After separation from the immunoprecipitated Gwl, supernatant
was dialyzed with dialysis buffer. For the expression and purification of rAPC/C complexes, baculoviruses were generated from Sf9
insect cells using the constructed bacmids. The rAPC/C complexes were expressed using High Five insect cells (Invitrogen), and
purification of rAPC/C was carried out essentially as described previously.' All purification steps were performed at 4°C. The
same method was used for the expression of PP2A-B55 holoenzyme complex, except that the baculovirus was used at MOI of 2
for expression. Purification of PP2A-B55 holoenzyme was performed by lysing the cells in PP2A lysis buffer [50 mM Tris-HCI pH
7.5, 150 mM NaCl, 0.5 mM DTT, 0.1% Tween 20, 1 mM EGTA, 5% glycerol, 10 pg/mL leupeptin, 10 pg/mL pepstatin A,
10 pg/mL chymostatin, and 30 units/mL benzonase (Novagen)] through sonication, followed by centrifugation at 18,800Xg for
20 min. The resultant supernatant was centrifuged again for 20 min, and the cleared lysate was incubated with Glutathione Sepharose
4B beads (GE Healthcare) for 1 h. The beads were washed twice with PP2A wash buffer 1 (50 mM Tris-HCI pH 7.5, 150 mM NaCl,
0.5 mM DTT, 0.1% Tween 20, 1 mM EGTA, and 1 mM EDTA) and once with PP2A wash buffer 2 (50 mM Tris-HCI pH 7.5, 150 mM
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NaCl, 0.5 mM DTT, 1 mM EDTA, and 5% glycerol), and suspended into PP2A wash buffer 2 containing PreScission protease for 17 h
incubation with gentle mixing. Supernatant was recovered and kept at —80°C.

Kinase and phosphatase assays

To validate phosphorylation of Apc1-300L, 140 ng of purified Apc1-300L or its derivative (7T or 7A) was incubated at 30°C for 1 hin
20 uL of kinase buffer (20 mM HEPES pH 7.8, 10 mM MgCl,, 15 mM KCI, 1 mM EGTA, and 0.05% NP-40) in the presence of [y-*2P]-
ATP (Hartmann Analytic) and recombinant CDK-Cyclin A. Reaction was stopped with 20 mM of ATP and analyzed by SDS-PAGE and
autoradiography. To prepare phosphorylated proteins, purified Apc1-300L (140 ng) and Cdc20-T79 (10 pg) were used in their cor-
responding phosphorylation assay. Reactions were incubated for 2 h and stopped with ATP prior to use in dephosphorylation assays
or storage at —80°C. For the assay in Figure 1C, the 32P-labelled Apc1-300L (3.5 ng), or Cdc20-T79 (250 ng) was added to CSF
extract containing 150 uM MG132 at 23°C, in the presence of DMSO or 2 uM okadaic acid, to start the reactions. For Figures 1E
and 1G, MG132 supplemented CSF extract was first treated with Gwl antibody-bound beads (Gwl-depletion) or empty
beads mock depletion, and pEnsa (5 uM) or XB-CSF buffer was added before separating from beads. Cdc20-T79 (500 ng) was
complemented to the recovered extracts at 23°C to start the reactions. For the assays using Apc1-300L as substrate, 3.9 ng of
32P_Apc1-300L was added to the CSF extract containing MG132 in Figures 1E and 1G or the anaphase extracts supplemented
with phosphatase inhibitors in Figure S2A, prior to the dephosphorylation reactions trigger by immunodepletion or addition of
0.35 uM p27, respectively. Samples taken at the indicated time points were mixed with SDS sample buffer, followed by analysis using
SDS-PAGE and autoradiography. For the in vitro phosphatase assay in Figure 2D, purified Apc1-300L (375 ng) was phosphorylated
with CDK-Cyclin Ain the presence of 1 mM ATP in 10 uL kinase buffer as described above, and the reaction was stopped with 1 uM of
ATP. Purified PP2A-B55 holoenzyme complex from insect cells was incubated with the HisPur Ni-NTA magnetic beads (Thermo
Fisher Scientific) at 4°C for 20 min, and the recovered beads were washed twice with kinase buffer. The beads containing PP2A-
B55 complex were then mixed with 10 uL of the prepared kinase reaction containing phosphorylated Apc1-300L at 23°C in the pres-
ence or absence of 10 uM pEnsa. Samples taken at the indicated time points were mixed with SDS sample buffer prior to analyzed by
SDS-PAGE and immunoblotting using indicated antibodies.

Destruction and ubiquitylation assays

Destruction assays were performed essentially as described previously.** Substrates, including Nek2A, Cyclin B, and Cyclin BA67 (a
variant lacking the D-box, thus rendering it a stable Cyclin B form), were labeled with [*®S]methionine (Hartmann Analytic) using the
TNT Quick Coupled Transcription/Translation System (Promega). Destruction assays were then carried out using Xenopus egg cell-
free extracts. Samples were taken at the indicated time points and analyzed by SDS-PAGE and autoradiography. For rAPC/C-medi-
ated destruction assays, purified recombinant APC/Cs were first phosphorylated by incubating with the MG132 supplemented CSF
extract lacking endogenous APC/C (APC/C-depleted) at 23°C for 1 h. Phosphorylated rAPC/Cs were recovered and added to the
indicated APC/C-depleted anaphase extracts and samples were taken immediately to check the amount of rAPC/C. The extracts
supplemented with rAPC/C were incubated at 23°C for 40 min, prior to addition of 3®S-labelled substrates. Samples taken at the
indicated time points were mixed with SDS sample buffer, followed by analysis using SDS-PAGE and autoradiography. In vitro
ubiquitylation assay was performed as described previously.”' Endogenous APC/C complex was first immunoprecipitated from
the indicated CSF and interphase extracts, using the Apc3 antibody immobilized Dynabeads as used inimmunodepletion. The beads
were washed twice with XB-CSF buffer** supplemented with extra 200 mM KCl and 0.01% NP-40, and once with Ub buffer (20 mM
Tris-HCI pH 7.5, 100 mM KCI, 2.5 mM MgCl,, and 0.3 mM DTT) containing 0.01% NP-40. The purified APC/C-Cdc20 complexes were
then incubated in 20 pL of Ub buffer at 23°C in the presence of 2 mM ATP, 50 ng/uL E1, 6 ng/uL Ube2S, 750 ng/uL methylated ubig-
uitin (MeUb) and 5 ng/uL FLAG-ubiquitin-fused Cyclin B-N70 fragment (N-terminal 70 residues) with alanine substitution of all lysine
residues, referred to as Ub-K0-Cyclin B, as a substrate. Samples taken at the indicated time points were mixed with SDS sample
buffer prior to analyzed by SDS-PAGE and immunoblotting using indicated antibodies. Activity of APC/C can be determined by quan-
tification of monoubiquitylated substrates as polyubiquitin chain formation is prevented by MeUb.

Binding assay and Cdc20 de novo loading assays

Immunoprecipitation of APC/C complex from Xenopus egg extracts was carried out using Dynabeads Protein A (Invitrogen) conju-
gated with Apc3 antibody AF3.1 (Apc3-beads). Conjugation procedure is same as described in immunodepletion.** Apc3-beads
were incubated with the indicated extracts at 23°C for 10 min for the experiments in Figure 3E and 5 min for the experiments in
Figure S3D. The resultant beads were washed twice with XB-CSF containing 300 mM KCI and 0.01% NP-40, split into two equal
portions, and subjected to elution with SDS sample buffer and phosphatase treatment, respectively. Phosphatase treatment was
performed using the Quick CIP (New England Biolabs), to facilitate the quantification of Cdc20 co-immunoprecipitated with
APC/C. The same immunoprecipitation procedure was carried out in performing the de novo loading assays in Figure 4D and Fig-
ure S4G. For Figure 4D, the in vitro translated FLAG-Cdc20-5A was added to egg extract together with the Apc3-beads to evaluate
the association of the FLAG-Cdc20-5A with APC/C during the process. For Figure S4G, purified rAPC/C complex (Apc1-300LA) was
incubated with the indicated extracts lacking endogenous APC/C for 20 min, before addition of the in vitro translated FLAG-Cdc20-
5A. All samples were analyzed by SDS-PAGE and immunoblotting using indicated antibodies. For binding assay to study interaction
of APC/C with Apc1 fragments, purified Apc1 fragments were incubated with anti-FLAG Affinity M2 beads (Sigma-Aldrich) at 4°C for
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1.5 h. Beads were washed with XB-CSF buffer and then incubated with interphase extract in the presence of Cyclin BA167 at 23°C for
1.5 h, separated from extract on Micro Bio-Spin columns (Bio-Rad), and washed twice with XB-CSF buffer containing 0.1% NP-40.
The bound proteins were eluted with SDS-sample buffer and analyzed by SDS-PAGE and immunoblotting.

Cdc20 dissociation assay

The in vitro translated FLAG-Cdc20-5A or %°S-labelled co-activators was added to MG132 supplemented CSF lacking Cdc20 (by
immunodepletion) together with Apc3-beads at 23°C for 20 min to prepare the APC/C-Cdc20 complex. The resultant APC/C-
Cdc20 complex was purified, washed once with XB-CSF buffer, and incubated in equal volume of indicated egg extracts or XB-
CSF buffer at 23°C. Samples taken at the indicated time points were washed twice with XB-CSF containing 300 mM KCI and
0.01% NP-40 and eluted with SDS sample buffer, followed by analysis by SDS-PAGE and immunoblotting. For the preparation of
rAPC/C-Cdc20 complex, purified rAPC/C was incubated with APC/C- and Cdc20-depleted CSF extract containing MG132 at
23°C for 60 min for proper phosphorylation, followed by a further 10-20 min incubation in the presence of in vitro translated
FLAG-Cdc20-5A.

Cross-linking mass spectrometry

High Five cells were co-infected with both APC/C baculoviruses, cultivated at 27°C with shaking at 150 rpm for 48 h. To generate
hyperphosphorylated APC/C, High Five cells were treated with 100 nM okadaic acid for 5 h prior to harvesting. The subsequent pu-
rification steps were performed at 4°C. Cell pellets were resuspended in APC/C lysis buffer [20 mM HEPES pH 7.9, 250 mM NaCl, 5%
glycerol, 2 mM DTT, 0.5 mM EDTA, 10 pg/mL leupeptin, 10 ng/mL pepstatin A, 10 ng/mL chymostatin, and 30 units/mL benzonase
(Novagen)]. The lysate was sonicated followed by centrifugation at 48,000xg for 60 min. The resulting supernatant was subjected to a
second centrifugation for 20 min, and the final clarified supernatant was filtered through a 0.45 pum filter. The clarified supernatant was
loaded onto a 5 mL Strep-Tactin Superflow Cartridge (Qiagen) at a flow rate of 0.5 mL/min. The column was washed with APC/C wash
buffer (20 mM HEPES pH 7.9, 250 mM NaCl, 5% glycerol, and 2 mM DTT) at a flow rate of 1.5 mL/min. Recombinant APC/C was
eluted using APC/C wash buffer supplemented with 2.5 mM desthiobiotin (Sigma-Aldrich). The fractions containing the peak protein
were combined and concentrated using Amicon Ultra (Millipore). Cross-linking experiments of the unphosphorylated and hyperphos-
phorylated rAPC/C complexes were performed using bis(sulfosuccinimidyl)suberate (BS3, Thermo Fisher Scientific). Triplicate reac-
tions of purified unphosphorylated (75 pg) or hyperphosphorylated (106 ng) rAPC/C complexes were incubated with BS3 (BS3:pro-
tein = 2:1 by weight) for 2 h on ice in 20 mM HEPES buffer (pH 7.9, 250 mM NaCl, 5% glycerol, 2 mM DTT, and 2.5 mM desthiobiotin).
The cross-linking was stopped by the addition of 2.7 M ammonium bicarbonate stock. Cross-linking products were concentrated by
a spin column (Amicon 100kDa cut off) and resolved using 4-12% NuPAGE (Invitrogen) for 30 min at 200 V and stained using Instant
Blue (Expedeon). Cross-linked complex bands were excised, reduced, alkylated and trypsin digested following standard proced-
ures.”” Cross-linked peptides were desalted using C18 StageTips.*®

Mass spectrometry

LC-MS/MS analysis for replicates was performed using Orbitrap Fusion Lumos (Thermo Fisher Scientific). The peptide separation
was carried out on an EASY-Spray column (50 cm X 75 umi.d., PepMap C18, 2 um particles, 100 A pore size, Thermo Fisher Sci-
entific). Mobile phase A consisted of water and 0.1% formic acid. Mobile phase B consisted of 80% acetonitrile and 0.1% formic acid.
Peptides were loaded onto the column with 2% B at 300 nL/min flow rate and eluted at 250 nL/min flow rate in two steps: linear in-
crease from 2% B t0 40% B in 109 or 139 min; then increase from 40% to 95% B in 11 min. The eluted peptides were directly sprayed
into the mass spectrometer. Peptides were analyzed using a high/high strategy: both MS spectra and MS2 spectra were acquired in
the Orbitrap. MS spectra were recorded at a resolution of 120,000. The ions with a precursor charge state between 3+ and 8+ were
isolated with a window size of 1.6 m/z and fragmented using high-energy collision dissociation (HCD) with collision energy 30. The
fragmentation spectra were recorded in the Orbitrap with a resolution of 15,000. Dynamic exclusion was enabled with single repeat
count and 60 s exclusion duration.

The mass spectrometric raw files were processed into peak lists using ProteoWizard (version 3.0),%° and cross-linked peptides
were matched to spectra using xiSEARCH software (version 1.7.6.4) with preprocessing®” and in-search assignment of monoiso-
topic peaks.®® Search parameters were MS accuracy, 2 ppm; MS/MS accuracy, 6 ppm; enzyme, trypsin; cross-linker, BS3; max
missed cleavages, 4; missing mono-isotopic peaks, 2; fixed modification, carbamidomethylation on cysteine; variable modifications,
oxidation on methionine and phosphorylation on serine and threonine for phosphorylated sample; fragments, b and y ions with loss of
H20, NH3 and CH3SOH. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE®" partner repository with the dataset identifier ProteomeXchange: PXD050097 and PRoteomics IDEntifications (PRIDE) Data-
base: PXD050097.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of gel images were performed using the ImageJ software, and information of each graph such as number of replicates
and error bars can be found in their corresponding figure legends. All graphs were generated using Microsoft Excel.
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